Abstract-A new design of microwave band pass filter design is presented using metamaterial-inspired Epsilon Near Zero (ENZ) and Mu Near Zero (MNZ) behaviors. These filters are based on waveguide technology. The proposed structure allows us to reduce the number of tunnels normally used for passband filter design by reducing its size. It is also incorporated the half mode concept to the tunnels leading a greater miniaturization. Two Chebyshev filters with two and fourpoles were designed, fabricated and measured showing good agreement between simulated and experimental results.
INTRODUCTION
The use of metamaterials in several fields has recently marked considerable interest in the scientific community due to their exotic electromagnetic properties (i.e., negative, very small or very large permittivity and permeability) and potential utilities [1] [2] [3] [4] . Among these special material properties, near zero permittivity (also called Epsilon Near Zero) [5] [6] [7] [8] [9] , and near zero permeability (known as Mu Near Zero) [10] [11] [12] , have attracted much attention due to their potential applications at microwave frequencies.
One of such potential applications is the capability of miniaturization as demonstrated in previous works such as Tassin et al. [13] , who performed an optical waveguide structure with a left-handed material layer to reduce its thickness below the wavelength of light. This design allows for good light confinement in a subwavelength thin waveguide, and thereby leading to miniaturization. Oulton et al. [14] , proposed a design that integrates dielectric waveguides with plasmonics. Such design consists of a dielectric nanowire separated from a metal surface by a nanoscale dielectric gap, in which can be supported an effective subwavelength transmission.
In this paper, a new method for microwave filter design based on metamaterial-inspired Epsilon Near Zero (ENZ) and Mu Near Zero (MNZ) concepts is presented. This design starts by designing a short Epsilon Near Zero tunnel at a given frequency [5] . Subsequently, this tunnel is loaded with an interdigital capacitor that forces the effective permeability to have a frequency dispersive behavior [10, 11] . The equivalent circuit is a Composite Right Left Handed (CRLH) unit cell [15] [16] [17] [18] [19] [20] , with a step feed. By making this unit cell unbalanced [17] , two tunneling frequencies are excited at the points where the effective permittivity and permeability are zero, making the propagation constant also zero (β = 0) at such frequencies. The equivalent behavior of this unit cell is similar to a dual mode resonator [3] . Moreover, this unit cell must be much smaller than quarter wavelength to comply with the homogeneity condition [7] .
Finally, in order to miniaturize the circuit, the cell is split to half by incorporating the half mode concept [21] , which has been applied to the design of several microwave devices [22] [23] [24] [25] .
As demonstrated in [5, 6] , to achieve Epsilon Near Zero behavior, waveguide technology is implemented, where a rectangular waveguide filled with a relative permittivity ε r presents an effective permittivity with a dispersive behavior when operated at the fundamental TE 10 mode as shown in Equation (1)
where ε r is the relative permittivity of the material, n is the refractive index of the filling material, c is the speed of light in vacuum, W t is the waveguide width in the H-plane, and f is the operation frequency. As observed from this equation, at cutoff frequency, the effective permittivity (ε eff ) is approximately zero and therefore the propagation constant is zero (β = 0). It is also observed that when ε eff ∼ 0 the signal follows a static-like behavior that allows reflectionless propagation. Due to this static-like behavior of the fields in Epsilon Near Zero behavior, it may be possible to squeeze and tunnel electromagnetic energy through a very narrow Epsilon Near Zero tunnel [8, 9] . Moreover, the energy can be tunneled at a particular frequency independently of the tunnel's total length, which leads to considerable miniaturization.
The width of the Epsilon Near Zero tunneling waveguide operating at TE 10 mode is given by Equation (2)
where f o is the tunneling frequency, c is the speed of light, and ε r is the relative permittivity. In order to have tunneling, a very abrupt discontinuity between the waveguide and the tunnel must exist to ensure that only signals around the Epsilon Near Zero frequency are tunneled through, while others are reflected back. Hence the waveguide height h s should be much larger than the tunnel height h t as shown in Figure 1 . Mu Near Zero structure is a metamaterial whose behavior presents a frequency dispersive effective-permeability that can become zero at a particular frequency. If a metamaterial presents a behavior such that Re[µ(ω c )] ≈ 0 and Im[µ(ω c )] be small, for a small range of frequency around the cutoff frequency f = ω c /2π, a situation of a medium with zero permeability can be reached [10] . Several designs have been proposed in the literature, whose properties can be improved by using Mu Near Zero behavior. Jin et al. [11] explained the electromagnetic energy squeezing mechanism by using a Mu Near Zero structure which consists of a dielectric split ring with opened gap. Yang et al. [12] proposed a high directive slab antenna using a Mu Near Zero/Epsion Near Zero metamaterial slab and an embedded line source. Caloz and Itoh [18] , provide a method to realize an artificial lumped-element LH transmission line and propose a microstrip implementation of this line through a series interdigital capacitor and a shorted stub inductor. Dong and Itoh [20] obtain Mu Near Zero behavior by adding a series capacitance to a rectangular waveguide propagating the TE 10 mode.
In this work, a waveguide resonator is proposed where Epsilon Near Zero and Mu Near Zero phenomena are present. By designing Epsilon Near Zero and Mu Near Zero at the appropriate frequencies, the overall performance of the proposed circuit is similar to a dual mode resonator. Moreover, this circuit is utilized to realize two and four pole Chebyshev filters.
DESIGN OF EPSILON NEAR ZERO -MU NEAR ZERO STRUCTURE

Epsilon Near Zero Tunnel
The circuit starts by designing an Epsilon Near Zero tunnel, using a substrate with permittivity of ε r = 2.2 and height h s = 1.57 mm. According to the previous section, in order to tunnel a single frequency, the condition h s h t must be satisfied [6] . Thus, a tunnel height h t = 0.4 mm was chosen. The tunnel width at the frequency of operation of 2.5 GHz was calculated according to Equation (2) providing a tunnel width of W p = 40.5 mm. The tunnel length L t = 10 mm was optimized through several simulations using a FullWave Electromagnetic Field Simulator [26] . As explained in previous section, the energy transmitted through the tunnel is independent of its length and therefore, the final value of L t was comfortably chosen such that the Fabry-Perot resonance (5.36 GHz) will appear out of the frequency band of interest (2.5-2.8 GHz). The material modeled was a substrate Rogers RT/duroid 5880 with permittivity of ε r = 2.2 and for all metal layers copper material with a conductivity of σ = 58×10 6 S/m was used. The response in frequency of the simulated tunnel is shown in Figure 2 (a). The effective medium permittivity ε eff and dispersion diagram β are extracted from simulated S-parameters of tunnel's structure following the procedure mentioned in [27] Once the Epsilon Near Zero tunnel was designed, the half mode concept was applied into it. As shown in [21] , if a magnetic wall is applied to a waveguide propagating the TE 10 mode along the line of the propagation direction, the field distribution is unchanged. Therefore the tunnel can be cut into half as shown in Figure 3 (b). Then the final width is W p /2 = 20.25 mm.
Mu Near Zero Behavior
The introduction of the interdigital capacitor into the Epsilon Near Zero tunnel results in creating a frequency dispersive behavior of the equivalent permeability. As shown in [20] , the equivalent circuit of this structure is a Composite Right Left Handed unit cell. If this unit cell is designed for an unbalanced case, the Epsilon Near Zero and Mu Near Zero phenomena will occur at different frequencies. Thus, several simulations using unbalanced configuration were carried out with different number of fingers (n), finger widths (W f ), and finger-separation widths (W sep ), to achieve the best performance in bandwidth. Only the capacitor length L c was chosen according to the desired external coupling Q e , as will be discussed in Section 3. The final dimensions of the interdigital capacitor were calculated to have an Mu Near Zero tunneling frequency of 2.8 GHz, which are: W f = 0.35 mm, W sep = 0.30 mm, and n = 10.5, as shown in Figure 4 . Figure 4 also shows the final half mode tunnel structure, while Figure 5 depicts the effective parameter µ eff extracted using the procedure shown in [27] , which clearly presents a Mu Near Zero behavior at the frequency of 2.8 GHz.
The equivalent circuit of the half-mode tunnel with interdigital capacitor when W m = W m1 is shown in Figure 6 (a). Moreover, since the condition to have the tunneling effect is that h t h s , this discontinuity can be modeled as shunt susceptance B as shown in [28] . The interdigital capacitor is included in the model as C L , while L L represents the inductance produced by the via wall. The shunt capacitance C R and the series inductance L R correspond to the parasitic capacitance from the fingers and the distributed series inductance from the waveguide, respectively [20] . Waveguide discontinuity in height is also included in the model as capacitor C B [28] and keeping C B very large to account for the large step-discontinuity. The results are shown in Figure 6 (b), where it is clear that only two frequencies propagate, which are those at which ε eff and µ eff are equal to zero, corresponding to 2.5 GHz and 2.8 GHz from Figures 2(b) and 5.
FILTER DESIGN
Two filters, a two pole and a four pole with Chebyshev responses were designed with the Epsilon Near Zero -Mu Near Zero structure described above. A two-pole filter was designed at the central frequency f 0 = p p Figure 7 . Tunnel structure used to calculate the coupling k factor. The capacitive gap used was p = 0.1 mm. Table 1 . Then the external coupling Q e and the resonator coupling k are obtained from Equations (3) and (4), respectively, as Q e = 6.14 and k = 0.13.
To calculate the coupling coefficient k, full wave simulations are carried out using the structure shown in Figure 7 , where the capacitor loaded tunnel is weakly coupled to the feed lines through a capacitive gap p. The coupling coefficient k depends on the length L c of the interdigital capacitor, which was varied in a range from 5.6 mm to 8.4 mm. It is noted that by changing L c the Mu Near Zero frequency is changed, whereas Epsilon Near Zero is fixed.
For these calculations two microstrip lines weakly coupled through a capacitive gap p = 0.1 mm were used. The k value was extracted from Equation (5) [29] .
where f 1 and f 2 are the corresponding resonant frequencies obtained from the simulated results. Figure 8 illustrates the plot of the obtained k values versus the different capacitor lengths. To calculate the external coupling Q e , full wave simulations are also carried out. The external coupling depends on the width of the microstrip line W m1 , which was varied in a range from 1 mm to 6 mm. For these calculations the interdigital capacitor was not included and one side of the tunnel was weakly coupled with a gap p = 0.6 mm, as shown in Figure 9 . The external coupling was obtained from Equation (6) [29] . Figure 8 plots the different external quality factors versus the width of the microstrip line W m1 .
The filter was implemented and fine-tuned in [26] with the dimensions calculated from Figure 8 . The final dimensions of the twopole filter are: h s = 1.57 mm, h t = 0.4 mm, L t = 10 mm, L c = 7 mm, W m = 5 mm, and W m1 = 2.54 mm.
In order to implement a four-pole filter, two Epsilon Near Zero -Mu Near Zero unit cells are utilized. The characteristics of the filter are a fractional bandwidth FBW = 10% with 0.01 dB ripple. The low pass element g parameters are also taken from [27] . The external coupling and the coupling k i,i+1 factors are obtained as Q e = 7.13, k 1,2 = k 3,4 = 0.11, k 2,3 = 0.08, from Equations (3) and (7), respectively.
p W m1 Figure 9 . Tunnel structure used to calculate Q e . where n is the number of poles. Specifications of both filters are presented in Table 1 .
To calculate the coupling k 2,3 between contiguous tunnels, the structure in Figure 10 was simulated in [26] . The width W i of the microstrip line between tunnels was varied from 0.5 mm to 9 mm. External microstrip lines were weakly coupled through a capacitive gap p = 0.2 mm and used for calculations. Figure 11 plots the different widths vs. the corresponding values of coupling factor k 2,3 .
The filter was also fine tuned in the simulator [26] . The final layout dimensions are: h s = 1.57 mm, h t = 0.4 mm, L t = 10 mm, L c = 7.8 mm, W m = 5 mm, W m1 = 1.0 mm, and W i = 0.5 mm.
EXPERIMENTAL RESULTS
Two-pole and four-pole filters were fabricated with a standard PCB milling machine and all the layers were properly metalized. The substrate used to fabricate the circuits was RT Duroid 5880 with ε r = 2.2 and substrate height h s = 1.57 mm. The height of the tunnel Simulated and experimental responses of fourpole half-mode Epsilon Near Zero -Mu Near Zero filter.
is h t = 0.4 mm and its length L t = 10 mm. In order to measure their response, standard SMA connectors were placed at the input and output lines of both filters. Photographs of the fabricated filters are shown in Figure 12 .
The physical dimensions for the two-pole and four pole filters are 32 × 30 mm 2 and 54 × 30 mm 2 respectively. These dimensions are smaller, if we compare, for example, the two-pole filter with other earlier works such as Liu and Huang [30] , who proposed a SIW band-pass filter at central frequency of 5.8 GHz and physical size of 99.2 × 49.6 mm 2 . Deng [31] proposed a coplanar stripline bandpass filter with a bandwidth from 4.15 to and Yu [32] developed circular waveguide resonators for filter applications with a bandwidth from 11 to 11.25 GHz, and a physical size of 20.244 mm in diameter and minimum length of 31.4 mm. Using our design for a two-pole filter at frequencies of 5 GHz and 11 GHz, dimensions of approximately 10.1 × 6.1 mm 2 and 4.6 × 3.3 mm 2 can be reached, respectively.
The filter characteristics were measured using a PNA series microwave Vector Network Analyzer (E8361A, Agilent). The responses of the fabricated and simulated two-pole and four-pole filters are shown in Figures 13 and 14 , respectively. The experimental and simulated center frequency for both filters is 2.5 GHz. In the two-pole case the return losses all over the band are about −17 dB and −23 dB for the experimental and simulated filters, respectively. The simulated insertion losses are about 0.4 dB and the experimental about 1.8 dB.
In the four-pole filter the return losses throughout the band are below 10 dB for the experimental and simulated filters. The insertion losses are about 0.04 dB and about 0.5 dB, for the experimental and simulated filters, respectively.
The responses of both filters present very good agreement between the experimental and simulated results, showing the viability of the method. The small variations between them are due to fabrication errors and material tolerances.
CONCLUSION
A novel method for the design of highly miniaturized microwave filters using Epsilon Near Zero -Mu Near Zero behaviors in waveguide technology was presented. Adding the interdigital capacitor to the Epsilon Near Zero tunnel allows us to reduce the number of resonators normally used for passband filter design. In addition, the use of the half mode concept to the proposed structure leads us to a greater miniaturization in comparison with traditional filters. Even more this new methodology can be easily integrated with other planar devices, such as antennas, mixers, amplifiers, etc., which are widely used for communication, radar and image reconstruction systems. Finally to probe the feasibility of this new methodology two-pole and fourpole filters were successfully designed and fabricated, showing good agreement between simulated and experimental results.
